Abstract. Currently, the production of the rapid increasing electrical energy in Kuwait depends mainly on oil and its derivatives, which result in environmental pollution. Moreover, the export of oil production represents a key income for Kuwait and any saving in its consumption represents an essential concern to land's economy. Therefore, the power utility and economy of Kuwait will benefit from substituting fossil fuels by clean and renewable energy resources such as solar energy. 
Introduction
The Ministry of electricity and water in Kuwait (MEW) has estimated that, with the peak load increasing by 6-8% per year, an additional 10,000 MW of installed electrical generating capacity will be necessary by year 2020 [1] . The primary energy source for the existing thermal power stations of Kuwait depends mainly on natural gas and liquid oil products. These power plants are main source of harmful gas emission. Therefore, the country plans to generate 10% of its electricity from renewable energy resources by 2020. In this respect, MEW has taken more direct actions to install PV panels to supply electricity to the building of its headquarters.
The knowledge of the solar radiation and temperature data is essential for design and sizing of the PV system [2, 3] . The temperature variations in Kuwait averaged for each day over 6 years of recorded data are shown in Fig 1. Similarly, Fig. 2 displays the average daily solar radiation (SR) on a horizontal surface in Kuwait recorded for the same period. Fig. 2 proves that Kuwait has an abundance of solar energy potential. Thereby, the monthly averaged solar intensity on horizontal surface area is 3.26 kWh/m 2 in December and 8.16 kWh/m 2 in June. The annual average value of solar radiation reaches 5.9 kWh/m 2 . On the other side the electrical load in Kuwait is high in summer due to air conditioning and low load in winter depending on temperatures and relative humidity variations. This shows that the peak load matches the maximum incident solar radiation and then its electricity generation would results in very promising and efficient participation of solar energy in supplying electrical demand in Kuwait.
Recently, there is an increasing interest in installing gridconnected PV systems to form distributed generation. This trend is attributed to economic and technical benefits of distributed generation in micro-grids. On the other hand, the dispersed grid-connected PV systems require efficient power conditioning converters. The power conditioning devices include DC/DC boost converter and voltage source inverter. Many controlling strategies have been developed [4] [5] [6] to control the power conditioning converters. In most PV systems, MPPT algorithms are utilized for full extraction of the available solar energy. The controller adopts the pulse width modulation (PWM) technique to determine the converter duty cycles to obtain stable MPP of the PV array under the environmental condition in Kuwait.
Until now different MPPT algorithms are studied [4] [5] [6] [7] [8] [9] using conventional PID controller to adjust the duty cycle of the DC/DC boost converter. FLC has been implemented on real-time control system and results in good performance even for nonlinear and time-varying system [7] [8] [9] . Due to its simplicity and easy to implement, this paper developed FLC based on P&O and IC algorithms for obtaining the maximum power output of photovoltaic array under different weather conditions in Kuwait. The paper is organized as follows: Section 2 describes the grid connected PV system while section 3 presents the MPPT algorithm. Section 4 analyzes the developed FLC and section 5 displays the simulated results. Specific conclusions are summarized in Section 6 before reference list and appendix. 2 ) in Kuwait, each day averaged over 6 years.
Grid Connected PV Systems
The studied grid-connected PV array has 100 kW capacity corresponding to 300 m 2 roof area of the average house in Kuwait [10] . The array is connected to the grid by means of 250 V/ 11 kV coupling transformer according to the technical standard of the distribution network in Kuwait. Fig. 3 shows the main components of the PV system, which consists of the solar array, DC/DC boost converter, DC link. The main function of DC/DC boost converter is to adapt the generated voltage of the PV panel to a suitable level corresponding to the MPP [11] . 
MPPT Algorithms
The most widely MPPT techniques available in the literature [4] [5] [6] [7] [8] [9] [10] [11] can be summarized as:
A. Perturb and Observe (P&O)Method
In this method the operating voltage of the PV array is perturbed by a small increment, and the resulting change of power, ΔP, is observed [4] [5] [6] [7] [8] . If the ΔP is positive, then the voltage perturbation is moving toward the MPP. This means that further perturbations in the same direction of voltage change will direct the operating point toward the MPP. If the ΔP is negative, the operating point has moved away from the MPP, and the direction of perturbation should be reversed to return back toward the MPP. The mathematical formulation of P&O algorithm has 4 cases as follows:
The error signal (e) driving the MPP controller is equal to the differences between the above determined voltage V(j+1) and the actual voltage (Vact) of the array.
B. Incremental Conductance Methods
The incremental conductance [7, 8] method (IC) is based on the fact that the derivative of the output power Ppv with respect to the array voltage Vpv is equal to zero at MPP. The PV array characteristic shows that this derivative is positive to the left of the maximum power point and negative to the right of maximum power point [4, 9] . This leads to the following set of equations: 
Once MPP has been reached, the operation of PV array is maintained at this point and the perturbation stopped unless a change in dV PV is noted. The IC method offers good performance under rapidly changing atmospheric conditions. The converter duty cycle (d) is determined to correct the error (e) given by equation (5). 
Fuzzy Logic Controller

A• Fuzzification
The fuzzification is the process of converting the system actual inputs values error (e) and change of error (ce) into fuzzy membership function. The inputs e and ce are expressed in terms of seven membership functions (such as ZE (zero), PB (positive big), PM (positive medium), PS (positive small), NB (negative big), NM (negative medium) NS (negative small), as shown in Fig. 5 .
B• Rule base & inference engine
Fuzzy rule base is a collection of if-then rules that contain all information for defining the controlled parameters. It includes 49 fuzzy control rules listed in Table (I) . Fuzzy inference engine is an operating method that formulates a logical decision based on the fuzzy rule setting and transforms the fuzzy rule base into fuzzy linguistic output. In this study Mamdani's fuzzy inference method, with Max-Min operation of fuzzy combination has been used. For example, if e is NB and ce is ZO then the duty cycle D is PB and so on. It should be noted that, the output of fuzzy controller is a fuzzy subset. As the DC/DC converter control requires a non-fuzzy value of duty cycle, defuzzication is required. This means, defuzzification converts the inferred fuzzy control action into a numerical value at the output by forming the union of the outputs resulting from each rule. The center of area (COA) algorithm is used for defuzzification of output duty cycle. The control structure of the PV system is displayed in Fig. A.2 of the Appendix.
It should be noted that the values of e and ce will be normalized before treated by the FLC, and the output of FLC will be de-normalized before sent to the booster. The normalized input and output variable are divided into seven membership functions of Fig. 5 . 
Specification of the Studied System
Simulink software is used to model the studied gridconnected PV array with a MPPT boost converter as shown in Fig 3. The PV block simulates the nonlinear V-I characteristics of the array at different solar radiations and temperatures. The specifications of studied solar panel are given in Table II . Array power rating at NOTC P A 100 kW
In order to verify the MPP tracker for the studied PV system, the FLC and PID controller are compared under different weather conditions in Kuwait to show how they can effectively and accurately track the MPP. The simulation is carried out using MATLAB/SIMULINK. Table III shows the parameters of the DC-DC boost converter. The test data consist of hourly SR and temperature for time horizon of 6 years in Kuwait. This data are applied to check the effectiveness of the described MPPT techniques in producing the maximum annual energy of the photovoltaic systems. 
Simulation and Numerical Results
For each MPPT technique and for hourly input data, the energy supplied by the PV system was calculated for each month averaged over the studied period of 6 years. The implemented controller for the MPPT algorithms is PI type with Kp=2 and Ki=0.05. The same Boost converters with its PWM MPP are used for fair comparison between PI and FLC controller. The results are summarized in Table IV .
The simulation results indicated that the generated energy from the tracking algorithm using fuzzy-IC based MPPT is maximum with annual energy of 169723.6 kWh. From the result in Table IV , It can be noted that fuzzy-IC based MPPT and fuzzy-P&O based MPPT algorithms over the year are superior to both PI-based MPPT algorithms. The produced energy using PI-IC based PPT technique is the lowest of the four studied MPPT methods with annual value of 168711.1 kWh. This is attributed to the fact, that the fuzzy-based techniques are more effective to handle non-linear function with fast response.
However, in January the generated energy using the Fuzzy-based P&O MPP technique is slightly greater than that of the corresponding energy using Fuzzy-base IC MPP techniques. On the other hand, the generated energy is equal by using the two fuzzy-based techniques in February. During the rest of the year, the generated energy using fuzzy-based IC MPP technique is greater compared to the other MPP techniques.
Moreover, for these techniques the choice of sampling period is very critical; if the period is too short, energy production will be very low because of the increased number of electronic switching. If the period is too long, on the other hand, the MPP cannot be closely followed when rapid irradiance variation occurs.
The purposes of the next tests are to investigate the dynamic characteristics of a PV system using the described MPPT controllers. It should be noted that the generated power follows the same shape of the solar insulation inputs. The only difference is a small transient due to rapid insulation variation by using P&O and IC techniques. Comparing the output array voltage, it can be observed that the FLC-based techniques are more stable with solar insulation and temperature variations. 
Conclusions
This paper presents in details comparative study between PI-based P&O and IC technique and the corresponding fuzzy-based algorithms for MPPT. To carry out this study the hourly solar radiation, and temperature were collected for a period of 6 years in Kuwait. The Boost converter with the associated PI and fuzzy controller is modeled for this comparison.
Matlab/ simulink have been used for modeling and simulation of the PV array. The capacity of the simulated PV array is 100 kW under 1000W/m 2 and 25 0 C conditions. A ranking was proposed of the different MPPT techniques based on the sum of the energy generated under different weather conditions. Due to lack of space the average generated energy each month was displayed and compared.
The proposed fuzzy logic based control scheme takes the signal of the error e and error change ec as 2 inputs and computes the duty cycle of the boost converter as an output to adjust the DC/DC boost converter for the MPP. The controller was implemented on a 100-kW prototype PV system. Simulation results show clearly that the performance of the FLC based MPPT is superior compared to the conventional PI-based control technique.
The results indicated that the fuzzy-based algorithm is in general more efficient than PI-based MPPT technique. The fuzzy-based IC technique provides the greatest annual energy supply for the studied period of 6 years. This is confirmed by their widespread use of FLC in paractical implementation in many control systems. The generated power output of all tested techniques has the same shape as the solar insulation.
In addition, the dynamic response comparison of output voltage has been traced under different condition of available radiation and temperature. The MPPT controller was tested under a sunny day, and then cloudy and partially cloudy days to calculate the amount of the oscillation in PV operating points. The simulation results indicated that the fuzzy-based techniques delivered more stable voltage and current signal of the PV array compared to PI-based techniques.
